In heavy-fermion compounds, the crossover from the localized to itinerant heavy-fermion state is observed with lowering temperature, frequently accompanied by magnetism. Ordering vectors of magnetism often vary with applying pressure or with substituting atoms. In Ce(Pd 1−x M x ) 2 Al 3 with M = Ag, Cu, the (0, 0, 1/2)-antiferromagnetic (AF), ferromagnetic (F), and another AF orders are observed for x < 0.05, 0.1 < x < 0.4, and 0.5 < x, respectively. This change in the ordering vector is considered to be caused by the change in the conduction-band structures. Using the anisotropic RKKY interaction model reflecting the spacial anisotropic distribution of the f states and also the conduction-band structures, we study the change in the ordering vector of Ce(Pd 1−x M x ) 2 Al 3 with x theoretically. As a result, the variation of the ordering vector is explained by treating the substitution of atoms as the conduction-electron doping, and the ordering vector of the AF state for x > 0.5 is considered to be (1/2, 0, 1/2).
I. INTRODUCTION
Heavy-fermion systems, such as Ce-based and U-based compounds, exhibit at low temperatures the magnetic orders with various ordering vectors, which often vary with applying pressure or with substituting atoms. In this paper, we treat the magnetism of or Cu are substituted for Pd [4] [5] [6] . The (0, 0, 1/2)-AF order region x < 0.05 is followed by the crossover region 0.05 < x < 0.1, the ferromagnetic (F) order region 0.1 < x < 0.4, another crossover region 0.4 < x < 0.5, and another AF order (the ordering vector is unreported) region 0.5 < x. At x = 0.2, the reversed anisotropy in the susceptibility of χ a /χ c < 1 is observed 4, 5 , indicating that the CEF ground state has changed from the M = ±1/2 states to other states. Although the susceptibility cannot be fit well, it is natural to assume the CEF ground state for the doped system as M = ±3/2, because the estimated splitting from the ground state M = ±1/2 is small in the undoped system (CePd 2 Al 3 ). Moreover, the substitution of Ag or Cu gives rise to the electron doping in the conduction band. To understand the ordering-vector variation, we should consider the realistic conduction-band structures, as well as the charge distribution anisotropy of the f states. Here we report a theoretical study on the magnetism of Ce(Pd 1−x M x ) 2 Al 3 using the anisotropic RKKY interaction which reflects both the spacial anisotropic distribution of the f states and the conduction-band structures.
With lowering temperature (T ), the f electrons in heavy-fermion compounds exhibit the crossover from the localized to itinerant state, as observed in the angle-resolved photoemission spectroscopy(ARPES) for CeIrIn 5 7 and UPd 2 Al 3 8 . For T > T * ≈ 50 K, the f electrons are localized at the energy level E f far below the Fermi level. In the region below T * , the f electrons become gradually hybridized with the conduction band, to form the renormalized quasi-particles, namely the heavy fermions. Even in this low T region, however, the quasiparticles possess very large mass enhancement factor m * /m ∼ z −1 , indicating that the f electrons with the fraction of 1 − z ≈ 0.9 − 0.99 persist as the incoherent, namely localized, part. In this paper we discuss the relative stability of the magnetic states with different ordering vectors. In this case, the large fraction of the localized f electrons remaining still at T < T * dominantly contributes to determining the magnetism, and the rest, that is, the small fraction of the itinerant f electrons give only a small deviation on it. Therefore, the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is responsible for the magnetism of these heavy-fermion compounds, even though the magnetic transition temperature, typically 1 − 10 K, is lower than T * . The magnetic order is considered to be influenced by the orbital anisotropy of the f electrons, which is reflected in the susceptibility anisotropy, and also by the conduction-band structures.
II. FORMALISM
We obtain the conduction-band structures of CePd 2 Al 3 from the band calculation using abinit 9,10 for the non-f counterpart system, in which La are substituted for Ce. Taking the number of unit cells N, the RKKY-interaction Hamiltonian is expressed as
where µ, ε γk , and f (ε γk − µ) are the chemical potential, the energy of the conduction band (2) as the inequivalent-atom scattering. To calculate the the inequivalent-atom terms in B γkM , we may be required to obtain with high accuracy the composition of the conduction electron using the decomposition into Wannier functions on the basis of the Slater-Koster method. Such a task is, however, difficult to execute. To avoid this difficulty, we replace the sum of such inequivalent-atom terms in B γkM by a constant V 2 0 , because the sum of such terms are expected to consist of variously k-dependent term, and hence to have a weak k dependence. On the other hand, for the equivalent-atom scattering, we calculate the corresponding terms in B γkM by the use of the two-center Slater-Koster integrals.
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Thus, we obtain the expression of B γkM as
where X is the label of crystallographically inequivalent atoms, σ is the spin of the f electron, and n, l, m are the principal, azimuthal, and magnetic quantum numbers of the conduction electrons, respectively. V γkM −σXlm is the hybridization matrix element obtained from the Slater-Koster integrals I M −σXnlm (r j );
where j denotes all sites of X atoms, which are distant by r j from the relevant Ce site.
The coefficient ρ γkXnlm cannot be obtained directly from our band calculation. What we can obtain is only the partial density of states (DOS) of the conduction electrons derived from given kind of atom (Ce, Pd, or Al), with given n and l. Therefore, we assume that ρ γkAli 3p m = P Al3p /9, where P Al3p is the ratio of the partial DOS of the Al 3p electrons to the total conduction-electron DOS at the Fermi level, and the denominator 9 is the product of 3 (Al1-3) and 3 (m = 1, 0, −1). Similarly, we assume that ρ γkPdi 5p m = P Pd5p /6
and ρ γkPdi 4d m = P Pd4d /10. The value obtained from our band calculation is P Al3p = 0.27, P Pd5p = 0.20, and P Pd4d = 0.15.
We discuss, as an example, how to obtain |V γkM −σAl13p m | 2 . In this case, neighboring Al1 atoms are distant from the relevant Ce site by r 1 = a/2 + c/2, r 2 = −a/2 + c/2, r 3 ≡ −r 1 = −a/2 − c/2, and r 4 ≡ −r 2 = a/2 − c/2. In the case that M − σ − m is even, the Slater-Koster integrals exhibit the same value for the four distance r 1-4 , giving rise to
For odd M − σ − m, the Slater-Koster integrals exhibit the same value for r 1,3 and the value multiplied by (−1) for r 2,4 , giving rise to
Similarly, |V γkM σAl2 (3) | 2 is obtained by replacing a by b (a + b) in Eqs. (5)- (6), noting
is independent of i, and of j, which holds for Pd as well. Thus, consequently we obtain B γk5/2 having large values near the U and P lines.
Since we are interested in the sufficiently low temperature region compared with the conduction bandwidth, f (ε γk − µ) can be approximated by the step function θ(µ − ε γk ),
where E |M | (µ, R) is rewritten as
where ε γk =ε dS denotes the integration over the iso-energy surface ε γk = ε in the first Brillouin zone (FBZ). ε γ max and ε γ min are the maximum and minimum energies of the conduction band γ, respectively. k eq are the points in the FBZ, including k itself, to which k is translated by the symmetry operations belonging to the D 6h point group, of which the number of the elements N D 6h = 24.
Using the sine transformation
W γ = ε γ max − ε γ min is the width of the conduction band γ, E |M | (µ, R) is expressed as
I m,n (ν) is analytically calculated as
where Ci(x) and Si(x) are the cosine and sine integral functions. Thus, calculating numerically g γ|M | (ε), which reflects the Fermi surface topology and the hybridization term anisotropy, we obtain the RKKY interaction.
In the mean-field approximation (MFA), Eq. (1) is rewritten by the use of the Fourier
and the magnetic order parameter ∆ |M |Q for the ordering vector Q satisfies the self-consistent equation
Thus, the realizing ordering vector is given by Q min , at which K |M |Q takes the minimum K |M |Q min , giving rise to the transition temperature T N = −K |M |Q min /4. Generally, if the RKKY interaction E |M | (µ, a) between the in-plane neighboring sites is positive, the magnetic order with nonzero in-plane component of Q (namely, Q a and Q b ) tends to be stable.
On the other hand, if E |M | (µ, c) between the c-direction neighboring sites is positive, the order with nonzero Q c tends to be stable.
Next, we discuss the relation between the iso-energy integrations g γ|M | (ε, R) and the ordering vector. Since (7) is expected to increase with decreasing g γ|M | (ε 0 , R) and with increas-
, and therefore to have a local maximum with respect to ε, in the case that g γ|M | (ε, R) changes its sign near ε = ε 0 .
The sign of g γ|M | (ε, R) in Eq. (8) is determined mainly by the topology of the iso-energy surface ε γk = ε. For R = a, where a is the in-plane lattice vector, , c) is positive, the magnetic order with finite Q c is expected to be stable. In the case that ε is located near the top or bottom of the band, g γ|M | (ε 0 , R) is large and g ′ γ|M | (ε 0 , R) is small, giving rise to the negative E |M | (ε, R) which makes the F order stable. It should be noted that these relations between the Fermi surface topology and the ordering vector is quite similar to the nesting effect in the Hubbard model. that the k dependence of B γk is not important unless it is too strong.
We plot the range of the stable ordering vectors versus x for M = ±1/2 and ±3/2, in comparison with the experimental results 4-6 , in Fig. 7 . We obtain the sequence of the AF order with Q = (0, 0, 1/2), the F order with Q = (0, 0, 0), and another AF order, of which Finally, we discuss the justification of the mean-field approximation (MFA). In our model, the stable magnetic order is determined mainly by the signs of the RKKY interaction between the neighboring Ce sites. Therefore, the stable ordering vector will not alter substantially even if the approximation is improved beyond the MFA, but the transition temperature will be largely changed. As a conclusion, the MFA is sufficient inasmuch as the relative stability between the various magnetism is concerned. A calculation based on an improved approximation is left in a future issue.
IV. CONCLUSION
In this paper, we have studied the variation of the ordering vectors of Ce(Pd 
